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ABsTRACT: Time series measurements of water temperature, beam at
tenuation. and current velocity were made at three stations located in 
28, 58, and 100 m of water off the east coast of Lake Michigan from 
late August until mid-October 1995. When combined with water intake 
records and wave measurements our observations show that local re
suspension is not responsible for maintaining the benthic nepheloid 
layer {BNL) during the stratified period. Resuspension of bottom ma
terial by surface wind waves occurs in shallow water {13 m), but this 
material is not transported offshore into the BNL during downwelling 
events. During upwellings material may be transported onshore from 
the BNL into shallow water, but additional material is required to 
produce the concentrations observed at the inner stations. Resuspen
sion by internal waves may be the source of this additional material. 
Changes in the vertical structure of the benthic nepheloid layer appear 
to account for most of the changes in suspended particulate material 
at the two offshore stations. These changes are probably due to a com
bination of internal wave action and regional changes in current pat
terns. 

INTRODt:CTION 

Details of the transport pathways followed by fine-grained material in 
the Laurentian Great Lakes are poorly understood. Most of this material is 
introduced into the lakes by either tributaries or shoreline erosion (Rea et 
al. 1981: Colman and Foster 1994) and then transported to offshore de
positional areas (Edgington and Robbins 1990), but exactly how and when 
this transport occurs is not known. Offshore transport may occur within 
the benthic nepheloid layer (BNL), which is commonly observed in the 
deeper parts of the lakes during the stratified period. Chambers and Eadie 
( 1981) suggested that the BNL in Lake Michigan was maintained by a 
combination of local resuspension and the introduction of nearshore ma
terial, and that this material was then transported downslope in the BNL. 
but the processes responsible for the origin and maintenance of the BNL 
are also poorly understood. Studies in Lake Ontario (Sandi1ands and Mud
roch 1983; Rosa 1985) and Lake Superior (Baker and Eisenreich 1989; 
Halfman and Johnson 1989) also cite local resuspension as a means for 
maintaining the BNL. but Sly (1994) stated that the BNL in Lake Ontario 
was due mainly to the settling of biogenic material. On the basis of a 
geochemical study Mudroch and Mudroch ( 1992) concluded that the par
ticles suspended in the BNL in Lake Ontario were a combination of bio
genic and resuspended bottom material. However in none of these inves
tigations was resuspension actually observed. Hawley and Lesht (1995) 
made time series measurements of current velocity and the concentration 
of suspended particulate material (SPM) at several stations in Lake Mich
igan in water depths between 65 and 100 m and found no evidence of local 
resuspension. Similar findings were reported by Hawley and Murthy (1995) 
from a station in Lake Ontario located in 65 m of water. Thus. although 
bottom resuspension has been observed in shallow ( < 30m) in Lake Mich
igan water (Lesht and Hawley 1987: Lesht 1989), other processes seem to 
be required to supply material to the BNL in the deeper parts of the lakes. 
Hawley and Lesht suggested that the BNL is maintained by a combination 
of vertical mixing of material already in suspension and downslope trans-
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port of additional sediment during downwelling events. a process first sug
gested by Chambers and Eadie (198 1 ). 

Boyce et al. ( 1989) reviewed the seasonal thermal cycle of the lakes and 
described the various physical processes that occur. Circulation in the lake 
is driven by the wind. but because of the lake· s size rotational forces are 
important Storm action is most important during the unstratified period 
(roughly November-June), when the higher wind speeds and the absence 
of a thermocline allow the effects of wind action to penetrate deeper into 
the water column. Shoreline erosion is most active during this period. par
ticularly during the fall before any ice has formed. River input of sediment 
is greatest during the spring when the snow melts. The lake is stratified 
from June to November. with a warm epilimnion separated from the colder 
hypolimnion water (temperature of ~°C) by a thermocline 1(}..20 m thick. 
Far fewer storms occur during the stratified period. but upwelling and 
downwelling .:vents occur frequently. A two-layer ci rculation system is set 
up. with the epilimnion responding directly to the wind stress. This causes 
upwelling and downwelling events to occur as the thermocline tips. On the 
eastern side of Lake Y1ichigan. winds to the north cause downwelling of 
surface waters while winds to the south induce upwelling of colder bottom 
water. These disturbances may then propagate around the lake as internal 
Kelvin waves (Mortimer 1980: Boyce et al. 1989). 

Although downwelling circulation has been cited as an important mech
anism for offshore sediment transport. variations in the concentration of 
suspended paniculate material (SPM) and its transport during these events 
are not well documented. Hawley and Y1urthy ( 1995) noted that the con
centration of SPM in Lake Ontario varied in response to changes in the 
vertical structure of the BNL during a strong downwelling event. but found 
no evidence of downslope transport. However. because their observations 
were made at a single offshore site. they were not able to determine whether 
either nearshore local resuspension occurred or whether offshore transport 
occurred closer to shore. To date. no other observations of SPM concen
tration during downwelling events have been reported from the Great 
Lakes. Changes in SPM concentration and its transport during upwelling 
have received slightly more attention. From an analysis of turbidity and 
temperature profiles in southeastern Lake Michigan. Beil and Eadie (1983) 
found that a strong upwelling event reintroduced suspended materials from 
the offshore BNL into the nearshore area. Time series observations of tem
perature. currents. and lurbidity at a station located in 28 m of water in 
southeastern Lake Michigan showed that increases in SPM correlated with 
the passage of upwelling fronts and that the upwelling currents transported 
SPM upslope (Lesht and Hawley 1987). However. it is not apparent wheth
er the upwelling currents actually cause local resuspension or merely trans
port materials already in suspension. 

This paper reports measurements of temperature. current velocity, and 
beam attenuation made at three cross-shore mooring sites located in 28 m. 
58 m, and 100m waters in eastern Lake Michigan at the end of the stratified 
period (late August until mid-October) in 1995. These records are analyzed 
to identify the causes of major changes in the concentration of SPM and 
to describe the role of upwelling and downwelling events in the cross-shore 
transport of this material. In panicular we address three previously sug
gested hypotheses for maintaining the BNL: (I) local resuspension of bot
tom material by either bottom currents or surface waves maintains the BNL 
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during the stratified period, (2) inshore material is resuspended and transpaned offshore into the BNL during downwelling events. and (3! offshore bottom sediment is resuspended by upwelling currents and transponed from the BNL into the epilimnion during upwelling events. 

SITE DESCRIPTION AND \IETHODS 

As part of the EPA's Lake Michigan Mass Balance Program, instrumented tripods were deployed at three stations in southern Lake Michigan during 1994 and 1995. The stations were located in water depths of 28 m (M24 ), 58 m (M27), and I 00 m (M 19) along a trdllsect that originated in 

T ABLE 1.- Dep/nvme/IT da ta 

Stauon Water Intake ~2~ ~27 .\11 9 
D<ployed 28 Aug 1995 29 Aug 1'195 22 .. ~ ug 1995 Remeved 2J ~OY J995 12 Oct 1'195 II Oct 1995 Lotuude 4.1° 12.JO'N 4.1" 13.75':-< . ,. 09.50' :-i 4)" 02.9.1'N LongiiUdc goo :o.SJ' W go• 25 J6 ' W go• 2H7' W 86' .18.57'W Water depth lml I) 28 58 100 

ElectromagnetiC cum:nt measurements 
Height lmab ) 0.5. 17 0.5 .. 15 05 . .15. 05 S:unpling rale 2Hz I Hz I Hz S:unpling per. I mmutelhour I mmutelhour I mmutelhour 

VAC~ currrnt mcasun:mcnlli 
Hetght lmab ) I. 17 I. 17. 35 I. 17. )5. h5 S:unpling rate Contmuou) Conttnuous Conunuous Samphng p<r. 15 m1n ave 15 mm ave 15 mm ave 

Tc:mpcr.uure masurcmc:nts 
Hcieht lmab l 0.9. 7. 17 0.9. 7. 17 . .15 0.9. 7. 17 . .15. 05 Sa~plin! rate Hourly I Hl I Hz I Hz S:unpling per. Single mcu. I mmute/hour I mmutclhour I mtnutelhour 

Tr:mspan::ncy mc::JSurc:rncnu. 
H~1ght 1 mai'u 0.9. 7. 17 0.9. 7. 17 . . 15 0.9. 7.1 7 . .15.05 Sampling: r:11c Bi·hourly I H1. I Hz I Hz Sampling p.:r. Singk mc:as. I mmutdhuur I mrnutclhour 1 mmutdhour 

Silc :maly'l) 
Ptn·tnt )and 100 ~ .15 .10 Perunt c;l!t 0 5 .12 JJ Ptrc~nt clay 0 1 \h Ml!'an di :~ . h:ml 0 U2h 0.024 O.lllh 0.01 4 

FtG. I.- Locat ion of the tripod moorings 
!M24 . .\127. and M 191 and Muskegon municipal water intake (WI ). The venieal profi les shown in 
Figure 2 were made on a transect runn ing from 
the Muskegon Harbor entrance through the three 
tri pod mooring si tes. 

Muskegon. Michigan and ran roughly perpendicular to the shore line (Fig. I). Bottom contours in this area (which is near the nonhem edge of the southern basin of the lake ) run roughly paralJel to the shoreline. which is oriented nonhwest to southeast. Depth soundings along theu:ansect show a relatively fiat surface to about 30m depth. then a steeper .sTope extending to about 80 m before the relatively fiat lake bottom is reached. The moorings were deployed and retrieved at slightly different times: M 19 was deployed about a week earlier than the other two. and M24 was retrieved about a month after M27 and M 19. In this paper we discuss observations made between 29 August and 18 October 1995. although the moorings at both M 19 and M27 were retrieved about a week prior to this date. The observations cover the end of the stratified period and the beginning of the annuai breakdown of the thermocline. Details of the mooring configurations are summarized in Table I. 
Marsh-McBimey 585 and Interocean 54 electromagnetic current meters were used to measure current velocities at the three stations. Calibrations made in a towing tank prior to deployment show that the current meters had a resolution of0.5 em s- ' and an accuracy of I em s- 1• EG&G vectoraveraging current meters (V ACM) were also deployed at the same elevations as the electromagnetic current meters. and an additional V ACM was deployed 17 m above the bottom (mab) at stations M27 and M 19. The V ACMs have a lower threshold of 2 em s- 1 and an accuracy of I em s- '. Comparison of the current records shows .that the electromagnetic current meters gave essentially the same results as the V ACMs except when the current speed was below the V ACM threshold. In this paper we have used the results from the electromagnetic current meters except for the 17 mab observations at M27 and M 19. Currents were rotated 40° to provide the alongshore and cross-shore components. 

Temperature measurements were made using Yellow Springs thermistors accurate to 0.2°C. Water transparency measurements were made using Sea Tech transmissometers (25 em pathlength) and Sea Tech light-scattering sensors (LSS ). The transmissometer and light-scattering sensor readings were recorded to the nearest 0.001 volt over a nominal 5 volt scale. Although the readings of both the transmissometers and the LSS respond to changes in the suspended sediment concentration, we found that each LSS responded differently to changes in sediment concentration when compared to the tieam attenuation coefficient (BAC, which is independent of the instrument used) computed from the transmissometer readings. Bottom rna-
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terial from M27 was used to perform a five-pomt calibration between the 
voltage reading for each LSS md the BAC measured by a transmissometer. 
These data were then used to construct a separate correction equation for 
each of the LSS . The correction equations varied sigmficantly from sensor 
t" sensor. but the r: values were all greater than 0.99. In this paper we use 
· \C as a surrogate for suspended pamculate matenal ! SP~ ) .. \ll instru
;;a:nts (except for the VAC'vls. which recorded a continuous 15-minute 
average ) were sampled at I Hz for I minute every I hour. the averaged 
values and their standard deviations were then recorded. 

We also used the temperature and water turbidity records made at the 
Muskegon municipal water intake (Wl in Fig. I) . The water intake is lo
cated approximately 1.3 km offshore in 13 m of water and is 3 mab. Tem
perature was measured hourly. but because turbidity was measured every 
other hour an averaged value between each two measurements was used 
to obtain an hourly record. The turbidity readings were reported in neph
~ ::'lmetric turbidity units (NTU). These were converted to BAC by deter
~ ... ning the BAC at 5 NTU levels and constructing a correction equation. · 
These measurements were made using the same standard turbidity solution 
used to calibrate the water intake's turbidity meter. Because a time lag of 
up to 6 hours could exist between the time the water entered the intake 
and the time that the measurements were made :H the station on shore. the 
intake records were shifted 6 hours pnor to plomng. However since the 
time lag is not constant. the 1ntake data :1re not always simultaneous with 
the other measurements. Water intake data were nm J.vadable for 2 Sep
tember or 17 September. 

Vj:rtical profiles of water temperature and BAC were made weekly on a 
· ~s-shelf transect usmg J SeJ.bird CTD unit equipped wuh a 25 em Sea 
·:h transmissometer. The transect ran from \luskegon Harbor through 

the mooring sites and included stations 1n 12 t the \luskegon breakwaterJ. 
28 ( M2~). ~5 . 581 M27l. 80. and l 00 m 1 \119 l of water. Although the water 
depth at the Muskegon breakwater is about the same as that at the water 
intake. the two sites are ' everal kilometers apan 1 Fig I). Wave obser:auons 
were made using a Data well waverider buoy located at M2~ . Measurements 
were made at 2 Hz for 10 mmutes per hour and the average wave penod 
and significant wave he1ght computed. Hourly wind data were obtamed 
from a weather station located at the entrance to Muskegon Harbor. 

Bottom sediment samples were collected wtth a Ponar bottom grab sam
·r at the water intake station and at the moonng sites. E.umJnauon of 

t~ tese samples showed that the bottom matenal was cohestve at M27 and 
Ml9 and noncohesive at M2~ and the water intake. The matenal from the 
top centimeter was wet steved to separate the sand fraction (diameter > 
0.064 em) pnor to determinmg the tine-sediment size distnbution wtth a 
Spectrex model lLI-1 000 laser panicle counter. The sizes of the coar.;er 
material were analyzed with a settling tube. The analyses show that the 
bulk (over 70%) of the coarser material at all of the stations was medium 
and fine sand (diameters between 0.5 and 0.125 mrnl. Results fro m the size 
analyses are included in Table I. Observations made with a remotely op
~rated vehicle show that the .bottom is flat (no bedforms) at stations M2~. 

27. and \119. J.nd rippled at the water intake station. 

RESULTS 

Temperature profiles made during the deployment tFig. 2: data from 5. 
ll. and 18 September. and 5 October are not shown) show that the epilim
aion water cooled during the deployment from about 25° to l5°C. and that 
although the lake as a whole remained stratified throughout the deployment. 
the water at stations 12 and \124 became isothermal after about 25 Sep
tember as the thermocline deepened (except for two intervals discussed 
: ,~ low). The depth of the thermocline (taken to be the 10° isotherm) also 
,,J.nged several times because of upwelling and downwelling events. This 

caused the instruments at both \12~ and \127 to :lltemate between being 
located in the hypolimnion and in the epilimnion. For example. at the 
beginning of the deployment the 35 mab instruments at \127 were located 

T ABLE 2. - Tiuckne.u o( the BNL 11n 1. W ill i suspended marerwl IV tn a rerrical m: 
column extendin ~ thmu~h the BNL and the " '·era~e concenrrarwn 11n~ I _,) of 

ruspended marerral 111 the BNL 

Date ,_ \ t:!.t ·~ \ 12:" ~~~ \!19 

:9 ~u~ Thi~KOC \\ I ' " :.1 ! : ,_ .l-1 
Total :5.J7 :7 11X l ! .0.1 Jh.l 9 ~5 .. D 58.79 

\ \.~r.l~C: : .I! :.ox ~ . 'li \ ~5 \ lb !._~~ 

5 Scp1 Th•dnc:~" I ~ • I I 10 .\7 1_1 .16 
Total l ! JN :o.o2 n ·n ~ 8 . i ~ {)2.5 ! IOO.J 5 

~\l!r.l!?C ~.6 7 I 82 \ ()<! : .JO !.M9 2.79 
1.! Sept Thn.:k.nc\\ I ~· I ~ l ! :s JO .17 

T01al 27 ;I J(JJ 1 "'r7 _<1 -:.05 ' 5 lb i 6.b4 
-\vcr.~.gc ~ . :9 : . 1.1 ~ . J! :.57 I 88 : .07 

18 Scpl Tludncs" :s· ! 6 JO 
TmJI ·~ J7 125.J.i 87.89 

~VCr.l~C 1.77 .1 .J8 !.20 
:5 Sept Thu.:knc'' 12· IJ 21 23 51 72 

Tut:J.I !M.7R :J 80 n.1 .b7 67 :6 25.169 1125 .1 
-\\'Cr.l~C : . .uJ 1.70 .10.1 2.-W J ~9 1.56 

J Oct Thu;k.nc \'i I ! • :s· I I .1.1 I .I 5-l 
TotJI IHn 1X.IIX :6.07 b4..1 .1 Jl bl 51.10 

.·\\'C:rJ¥C I J~ u n 2..'7 I 95 : .97 1.00 
II Ck:t Thu.:Knc , , I !* :s· I ~ : I -'X IW 

Tnt al l l'tl lli ~:'( :9 lJ. lJ J~ .; I ~~~ y7 n7J.7 
\\Ct'J!?C I 'll 1111 I ~I : .. ' h 2 1.\ I ll; 

0 :11J rnr ' IJIItm .. ... en.: ..:nl lcu ctJ tn I Mt.• ( ~ ranu Hnl..'r rt umc . .:nll JIC .nd ut.J..: tl lllr .. ompJt1 \tln rurpO\C\ univ 

: lmJu.: Jh.:' JJIJ '' rnr tnc ..:n11n; '.t. Jh:r ~.n l umn 

m the hypolimmon. but on 25 S.:ptember thev were located in the epilim
nion. This ~omplicates the anal ysts somewhat since the currents in the two 
water masses :1re different. At \119 all but the 65 mab instruments were 
always located 1n the hypolimmon. 

The BAC protiles show that a BNL existed 1n the hypoliminion at all 
of the stauons whenever the water was at least slightly stratified. but that 
it was never present in the eptlimnion. Both the thickness of the BNL (the 
top of the BNL IS Jetined as the hetght where the SAC reaches a minimum 
value l and the amount of suspended material contamed within it varied 
greatly with both time and location. At the beginning of the deployment 
the BNL was relatively thin and well -Jetined at the outer stations. but as 
the thermocline deepened the BNL thickened and became increasingly dif
fuse so that by the end of the Jeployment it occupied the entire hypolim
nion. To estimate the amount of material suspended in the BNL. BAC 
values were tirst converted to suspended matenal concentration on the basis 
of Hawley and Zyrem·s ( 19901 equation and then integrated from the bot
tom to the top of the BNL These values (Table :!) show that there is 
considerable variation with time in the total amount of suspended materi
al-particularly Jt the deeper stations-and that the average concentration 
of suspended material was highest at the stations located on the lake slope 
(stations ~5 . \127 and 80). Hawley and Zyrem estimated the uncertainty 
of their equa[ion to be I 0--2017o. so the errors in these calculations are of 
that magnitude. 

Winds were fairly strong during almost the entire period and changed 
direction numerous times (Fig. 3Al. Maximum wind speeds of over 15 m 
s- 1 ·occurred on 16 October and speeds of over 12 m s- 1 occurred on 
several other occasions. The wave heights and wave periods measured at 
M2~ (Fig. 38) are directly correlated with wind speed and wind direction. 
Strong winds from the north and northwest generated the largest waves 
because the fetch is longest in these directions. This means that large waves 
are likely to be ass.ociated with upwelling events in this pan of the lake. 
The significant wave height reached a maximum on 15 October. when it 
exceeded J m. and there were several other occasions when it exceeded 2 
m. Wave periods between ~ and 6 s occurred several times during the 
deployment.'Linear wave theory predicts that the effects of surface waves 
with a period oi 6 s or greater should reach to the bottom in 28 m of water. 
which is the depth at M2~. 
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In addition to surface waves. the wind activity generated both nearinertial internal waves and a series of upwelling and downwelling events. Near- inertial internal waves are responsible for the short-period oscillations seen in the temperature records. These waves were common prior to 25 September. but they also occurred in the 7 mab temperature record for 6-10 October and at 17 mab on 16 October. Since these waves can exist only in a stratified fluid. their presence indicates that the water column at M24 became re-stratified during these periods. The upwellings and downwellings are most clearly seen in the temperature records at the water intake and M24 (Fig. 3C-F). These temperature changes coincide with the wind events !although there is a lag time ). so they are probably locally generated and are not due to propagation of internal Kelvin waves around the lake. Computer simulations of the thermal structure of the lake also show no Kelvin waves during the deployment (Schwab and Beletsky 1997). Table 3 lists the approximate st.art and end (based mainly on the 7 mab temperature observations at M24 ) of the upwellings and downwellings identified in Figure 3. The temperature records at the water intake and M24 show that the point at which the thermocline intersected the bottom moved back and forth past the stations several times during the deployment. Temperatures are highest at the water intake and 17 mab at M24. but even these records show several instances when colder hypolimnion water was present. Temperatures at the two bottom elevations at \424 show that hypolimnion water was present most of the time until 24 September. after which warmer water was present throughout the water column. This is when the water column first became well mtxed at \42-t The absence of near- inertial oscillations after this date !except dunng the upwellings on 6- 10 and 16 October) supports thts inference . CTD profiles made on 5 October are almost idenucal to those on I I October (Fig. 2Cl . so it ts likely that the water column was unstraufied between both 25 September-<> October and 10-15 October. Lake surface temperature observations made by satellite on 16 and 17 October show that the surface water temperature was about 16°( on both days. so the water column at \424 was stratified after the passage of the cold front on 16 October and unstratified after the warm front passed on 17 October. 
The near-inertial internal waves 1 period of about 17.6 hr l also cause the rotary motions seen in the current ve!ocnies at \42~ and M27 (Fig. 4 l. The 17 mab currents at M2~ are aligned wnh the wmd direcuon most of the time. as would be expected since most of these observations were made in the epilimnion. where the currents are dnven by the wind. On the few occasions when the sensor was in the hypolimnion 1 where a compensating return flow develops!. the currents are opposite to the wind direction. The bottom currents are more variable but are mainly in the direction opposite to that of the wind except when the water column was unstratified or when the sensor was in the epilimnion. Currents at both elevations are predominantly alongshore. but at 17 mab northward currents generally have an onshore component while southward currents usually have an offshore 

component. At 0.5 mab the currents are almost exclusively northward. but when the sensors were in the epilimnion the currents are similar to those 17 mab. When the measurements were made in the hypolimnion. the currents are mainly to the north and slightly offshore. 
The water intake record (Fig. 3F) shows that most of the BAC peaks occurred simultaneously with an increase in wave activity (represented by the bottom wave shear stress 1 and then decreased to background levels when the waves ceased. The stresses shown at the water intake were calculated using linear wave theory and the wave parameters measured at M24. We have used these values rather than the stress due to combined waves and currents because we have no current measurements from this location. Two major wave-induced resuspension events occurred during the observation period (on 22 September and 14-15 October) as well as several smaller ones . During most of the BAC peaks the wave stress far exceeded 1.5 dynes cm- 2• which is about the value needed to resuspend fine sand (Miller et a! . 1977). The largest BAC peak (on 16 October) occurred after the peak in wave shear stress and is associated with the passage of a cold front. Except for this peak. the BAC data can be explained by local resuspension due to surface wave action. 

The BAC observations at the three elevations at M24 (Fig. 3C-El are similar to each other even when the observations were made in different water masses. The two largest BAC events at the intake station (those on 22 September and 14-- 16 October 1 are also clearly evident at this station. although the peak levels are considerably less than at the water intake. The bottom shear stresses due to waves and currents 1 Fig. 3El were calculated by the model of Kim et al. 1 1997) using the wave observations and the 0.5 mab current meter data as input parameters. This model is a modified version of the Grant and \-iadsen ( 19791 model. We used the mean grain size 10.024 em 1 as the bottom roughness parameter required by the model. The bottom stresses reach a maximum value of about 1.73 dynes em ·c on 14 October. but otherwise exceed I dyne em- c on on! y a few occasions. none of which comcide with a peak in BAC. The bottom stress on 22 September was far too low to resuspend bottom material. but the stress on 14 October was probabl y sufficient. However. the BAC peak actually occurred several hours after the peak stress and coincided with the passage of a cold front several hours later on 15 October. The bottom current velocity record at M24 (Fig. ~F 1 shows that the direction changed from alongshore to onshore at exact! y the same time as the decrease in temperature and the increase in BAC. This cold iront is the same one that caused the BAC peak at the intake station on 16 October. 
On 22 September the BAC at all levels increased as the water temperature decreased. but since the bottom stress remained low. it is unlikely that local resuspension occurred. These changes occurred near the bottom first and then higher in the water column as the cold front passed the station. Currents in the colder hypolimnion water were slightly onshore. as would be expected during an upwelling event. so it is unlikely that material 

FtG. 2.-Venical profiles of water temperature in °C fdashed line l and beam attenuation coefficient !sol id li ne I observed at stations in 12. 28 IM24 1. .;s. 58 rM27). 80. and 100 (M\91 m of water. Elevauons of the ume series observauons are shown bv the horizontal dotted lines. AI Profiles made on 29 Au2ust \995 . 81 Profiles made on 25 September \995. Cl Profiles made on I I October \995 . · • FIG. 3.-Time series data from the water mtake and M2.;_ In Figures C. D. E. and F the black line is the beam attenuation coeffic1ent. the blue line is the temperature. and the red line ts either the current speed or the bottom shear stress. Current speeds are in em s· ' . temperatures in oc. shear stress 10 dynes em · :. and BAC in m· ' . The dotted venical lines separate the upwelling and downwelling events listed in Table 3. AI Wind at the weather station at the entrance of Muskegon Harbor. The convention is that wind blows in the direcnon of the line. so the wind on 29-30 September blew from the south to the nonh. 8) Wave height 10 meters I black ). and wave period in seconds (blue I at M2~. C) Beam attenuation. temperature. and current speed measured at 17 mab at M2.; . :'<o attenuanon measurements are available after 9 October. 0 ) Beam attenuanon and temperature measured at i mab at M2~. Speed is that at 0.5 mab. El Beam attenuanon and temperature at 0.9 mab. and bottom stress due to combined wave and current acnon at M::!.; . Fl Beam attenuation. water temperature. and bottom stress due to wave act1on at the water mtake. Beam attenuation and temperature were measured at 3 mab. :"o data are available for 2 or 17 September. 
FIG . .;.-Current velocities at M:!.; and \1:!7 . The current velociues have been rotated .;oo clockwise so that alongshore is up and down and offshore is to the left. The convention is that the wind and currents 20 the direction of the line. so the wmd on 29-30 September blew from the south to the nonh. The dotted venical lines separate the upwelling and downwelling events listed m Table 3. A I Wind at the weather station at the entrance of Muskegon Harbor. Bl Current veloc it y 35 mab at \1::!7. C) Current velocity 17 mab at M::!7. 01 Current velocity 0.5 mab at M:!7. El Current velocity 17 mab at M2.;. F) Current velocity 0.5 mab at M2.; . 
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TAHL~ 3.- Upwel/ing o11tl downwelling e1•enr.r at M24 

19 August-
1 Septeml><r 

I Septemhcr-
6 S<plcml><r 

6 Seplembo:r-
8 September 

8 S<plembo:r-
14 S<plemh.:r 

14 S<plembo:r-
1 ~ Sep1emh.:r 

18 S<pl<mbo:r-
24 Septcmt'lll:r 

24 S<plembo:r-
6 Oc1ol><r 

6 Oclober-
10 Oc1oh<r 

10 Oclober-
16 Oc1ol>er 

16 Oclober-
17 Oc10ber 

17 Oc\ober-
18 Oclober 

W:uer 
Column 

Slr.ltJtird or 
Un<iitrJttticd 

Suo111 fied 

Suoulftcd 

Un.m:utllrd 

Slr.Uifi<d 

un~tr:ltifled 

Su-:lllfi<d 

L1nstr.u•fied 

Suouiri~ 

linstrattli~d 

S trauri~d 

Cn!'tr:IIIrir::d 

lJpwl'ihng or Predom1nant 
Downwelling Wmd Om:c11on 

J)o\MO\I.cll •ng to the nonh 

Upwdhng IO I~ \ OUih 

then nnnh 

Dowuv.t:llmg to the nonh 

Upwdlmf: 10 the \ OUth. 

then north 

J)ownv.dl•ng to the nonh. 
then ~uuth 

Upwdhng to the: north. 
then .. uuth 

Downwelli ng to the: nunh 

Upwdhng 10 the! \OUth. 
tlkn nonh 

Down"'clling to the! nonh 

lipwdhn!! tn the -.outh 

Down"'dhn£ to ttl( nonh 

resuspended at the water intake was transported to the si te. On 14 October 
the initial increase in BAC occurred simultaneously wi th the peak in bottom 
stress. so some local resuspension may have occurred. but the highest BAC 
levels coincided with the passage of the cold front several hours later. Thus 
although local resuspension may have occurred. the bulk of the increased 
BAC was associated with onshore transpon during an upwelling event. 

The records of both temperature and current speed at M27 show the 
presence of near-inertial waves throughout the deployment (Fig. 5i. In con
trast to· M:!4, the temperature profiles (Fig. :!) indicate that the water at this 
station remained stratified throughout the observation period. Large 
changes in temperature are not as evident near the bottom. so the upwelling 
events seen at M24 are most apparent in the 35 mab record, which is very 
similar to the 17 mab record at M24. The temperature records at 7 and 17 
mab both show the downwelling event observed at M24 on :!4 September 
and the upwelling that started on 6 October, although the staning times are 
not the same. 

BAC observations at this station are generally somewhat higher than 
those at M24 and are similar to each other, but since there is no correlation 
with the bottom current stress, local resuspension did not occur-even 
though the bottom stress reached 2 dynes em - 1 on 6 October (this stress 
was calculated from the near-bottom current speed by assuming a logarith
mic velocity profile and a bottom roughness of 0.016 cn;t ). Nor is there a 
correlation between BAC and temperature. as there is at M24. BAC levels 
show a gradual increase and decrease between 13 and 23 September at the 
three lower elevations. but there is no correlation with the passage of ther
mal fronts . 

Current velocities at the three elevations (Fig. 4) are similar to each other 
and slightly resemble the 17 mab currents at M 17. The rotary motion due 
to near-inertial internal waves is particularly evident at the two upper el
evations but can also be seen in the 0.5 mab record. Otherwise the currents 
were almost completely alongshore at all three heights, hut at the upper 
two elevations there was a slight onshore component when the currents 
flowed to the north and a slight offshore component when the current 
flowed to the south. In the bottom record there was a slight onshore com
ponent regardless of the alongshore direction. Changes in direction gen
erally occurred at about the same time at all three elevations except for the 

17 Mah Scn ... or U5 Mah S~.:n~n 
Luc:atrd •n LtM.:ah:LI•n 
Ep•ilmmon Cum.:nt Eptilmnum Current 

or Dir~t1on or Dim:tmn 
Hypol1mmon 17 Mah Hypul•mnJun 0.5 Mah 

~ptltmnton north hypulttnnton nnnh 

rpliimmon \UUih hypol1mnmn north 

cptlimnton north cp1hmmon nonh 

hO!h o;outh. t~n hypolnnmon nonh 
north 

~!pllimnmn nonh cpiilmmon north 

t:pil•mmon. M>Uih hypohmnmn nonh 
hypolimnton 

c:ptltmmun nonh. then cp1llmn10n nonh 
~uth 

..:ptlimmon 30Ulh h)'J>OIIffiOIOO south. then 
nonh 

epiltmmon nonh. the-n c-pilimnion nonh. then 
!oOUih south 

h~polimn•on nonh hypol1mn10n nonh 

epliimmon nonh cpli immon nonh 

change from north to south that occurred after 26 September. This change 
occurred at the bottom first but not until about 5-7 days later at the upper 
elevations. Unlike at M24 the changes in current direction do not correlate 
well with changes in temperature. 

Because all of the observations at M 19 ( except at 65 mab) were made 
well below the thennocline. there is little indication in the temperature 
records of either near-inenial waves or thennal fronts (Fig. 6). The only 
exception is a downwelling event beginning on 6 October. The oscillations 
in the current speeds show however that near-inertial waves were present 
throughout the deployment. The bottom current speeds are low (maximum 
bottom stress is much less than I dyne em - 2• for a bottom roughness of 
0.014 em) and show little correlation with BAC. so bottom resuspension 
is unlikely to have occurred. BAC at M 19 varied relatively little during the 
deployment, but the observations at the bottom three elevations are very 
similar to one another and to those at M27. As at M27. the BAC shows 
no correlation with the current speed. Current velocities at M 19 (Fig. 7) 
show pronounced near-inenial motions. and have a much larger onshore
offshore component than those at M24 and M27. '(he general pattern of 
the currents is similar at all four elevations. and the bottom currents at M 19 
are similar to the bottom currents at M27, although the speeds are much 
lower. Currents at 65 mab show a change in current direction from south 
to north on 7 October, the same time as the only large increase in tem
perature. The current direction then changed from north to south on II 
October, when the temperature decreased. 

DISCUSSION 

The simultaneous increases of BAC and wave stress observed at the 
water intake clearly show frequent wave-induced local resuspension: Lesht 
(I 989) reported similar activity at a station located at about the same depth 
in the southern part of the lake. The offshore extent of wave-generated 
resuspension depends on wave intensity. water depth. and the resistance to 
erosion of the bottom sediments. Our observations indicate that wave-in
duced resuspension is confined to relatively shallow waters. Estimated max
imum bottom stresses at M24 are about 0.5 and !.73 dynes em - 2 on 22 
September and 14 October. respectively. Because the critical bed shear 
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stress required to erode tine sand is about 1.3- 1.5 dynes em -: (Miller ~t 
:li. 1977). only the waves on I 4-- 15 October 1 when the water was unstrat
ified) were sufficient for local resuspension .. -\ survey of the Lake Michigan 
wave records (Transport Canada 1991 l shows that waves larger than those 
nn 14-15 October (about 3..+ m in signincant hetght and 6.0 s average 

riodl constitute only about 5% of the total wave record each year. with 
,,·.c majority of the large waves occurring Juring the winter. If our obser
vations are representative. then local resuspension due to surface wind 
waves rarely occurs in water deeper than 28 m Juring the stratified period. 

Observations at stations M27 and M 19 158 m and l 00 mJ show no 
evidence of current-induced local resuspension. The maximum calculated 
bottom stress at M27 is about 2 dynes em-: . which is considerably greater 
than that needed to ~rode tine sand. but the actual bonom roughness length 
may be less than that used to compute the shear stress 10.0 16 em. the mean 
grain size). Since the sediment is poorly sorted the smaller particles may 
partially shield the larger ones from the !low. thus reducing the roughness 

:n by the ffuid. However even if a roughness of 0.005 em is used the 
maximum stress is 1.-+8 dynes em~. While lower than the original estimate. 
this stress is still high enough to resuspend tine sand. but mixtures of sand 
and silt can be considerably more resistant to erosion than either pure sand 
or pure silt (Mitchener et al. 1996: Panagiotopoulos et al. 1997). The max
imum bottom stress at Ml9 is much less than 0.5 dynes em·:_ so no 
resuspension would be ~xpected. Hawley and L.:sht 1 1995 J also found no 
evidence of local resuspenston in several months of ume series observations 
in the hypolimnion 165-100 m of water! of Lake Michigan .. -\!though local 
resuspension has been suggested as .111 tmportant mechamsm for mamtain
. "'! the offshore BNL I Eadie .:t al. 1984: Baker and Eisenretch 1989 J. these 

.ults indic:lte that current- induced local resuspens10n rarely occurs in the 
utfshore hypolimmon water dunng the strautied penod. Thus our hypoth· 
esis that local resuspension by ~ither surt·ace waves or bottom .:urrents is 
responsible fo r maintaining the BNL Juring the strattried period is probably 
not true. 

The horizontal sediment tlux can be calculated from the ti me senes <1 b
servations by convertmg the BAC to total suspended matenal I using the 
equation given by Hawley and Zyrem 1990) and then multipl ying by the 
cross-shore component of the current veloc ity. Since the variauons in BAC 
at M:!-+. M27. and Ml9 I we have no current measurements at the water 

·;ake ) are much less than the velocny changes. the calculated !luxes close
: resemble the currents shown in Figures -+and 7. The effect of the rotary 
motions due to internal waves causes both onshore md offshore transport 
during both upwelling and downwelling ~vents Jt all three stations. but the 
cumulative !lux is offshore near the bottom at \12-+ and onshore at M27. 
Although there is some offshore transport during downwelling events. the 
relatively low BAC levels at M24 indicate that any local resuspension (as 
seen at the water intake l and subsequent offshore transport are most! y con
fined to areas farther inshore. The increased BAC on 25 September indi
cates that material resuspended in shallow water can be transported farther 
offshore during some downwelling events: a similar episode during a 
· Jwnwelling is also seen in Lesht :md Hawley" s ( 1987) observations. It is 
Jnlikely. however. that the material is transported directly into the offshore 
BNL as proposed by Chambers and Eadie ( 1981) and Hawley and Lesht 
(I 995). Our temperature records show that the bottom water at M27 was 
always in the hypolimnion----even when the 7 mab temperature increased 
on 28 September. Although there is an increase in the bottom BAC at this 
time. the bottom currents are onshore. so it is unlikely that direct transport 
of material across the thermocline into the hypoli!TUlion occurred. Since 
previous studies in Lake Ontario show that downwelling events are re
stricted to a nearshore zone of about 4--8 k.rn from shore ( Csanady and 
Scott 197-+: Blanton 1975), and since no ~vidence of downslope transport 
·:;as found at a 60 m station Juring a strong downwelling (Hawley and 
Murthy 1995), it seems unlikely that direct transport of inshore material 
into the BNL occurs c:ven during strong downwelling events. unless it 
occurs nearer shore. Churchill et a!. ( 1988 l observed offshore transport of 

material Jue to fro ntal movements. but thetr observauons seem to better 
resemble the processes that occur between the water intake and M24. rather 
than between M24 and M27. On longer time scales settling of the trans
ported matenal from the ~pili!TUlion may eventually contribute to the off
shore BNL. but direct offshore transport of material to the hypolimnion 
Juring Jownwellings does not seem to occur. Thus our second hypothesis 
is also incorrect. at least at our stations. It is possible that resuspension and 
offshore transport could occur on the west side of the lake. where the 
largest waves would be associated with downwelling-rather than upwell
ing----events. 

The largest increases in BAC at M2-+ are mostly due to reintroduction 
of relauvely turbid offshore hypoli!TUlion water during upwelling events. 
as described by Bell and Eadie ( 1983 ). Our observations show that tem
perature drops at M24 are associated with onshore bottom currents, and 
that near-bottom BAC values during the deployment are generally higher 
at the offshore stations than at M24. However. increases in BAC at M24 
during the passage of cold water fronts cannot be due solely to reintro
duction of the offshore hypoli!TUlion water because the increased BAC is 
often higher than that observed farther offshore. and because the increased 
BAC drops again as soon as the front has passed. Because the current 
speeds are low (Figs. 3 and -+l. it is unlikely that upwelling currents by 
themselves inlliate local resuspension. but clearly some additional material 
is required to produce the BACs observed at \1~.4 on 16 October. 

If we use the BAC at 7 mab un October 16 to compute the to tal amount 
of material tn suspension at 'vC-+ the resu lt ts 185 g. This far exceeds the 
amount of material measured in any of the proriles at either \-127 or at the 
-+5 m station. If we compute the average value: of the BAC requ ired to 
equal this load in J BNL 35 m th tck. then the BAC required is about 3.3 
m · 1. which IS about the ma.~imum value recorded during the deployment 
at M27 . However this value is nc: ver reached at 17 mab or at 35 mab. so 
considerably more material would need to be in suspension than was ~ver 
observed. The vemcal profile made on II October shows that the total 
amount of material suspended in the BNL at M27 was only about 50 g
less than 30°c of the amount required. This means that whatever process 
is responstble fo r the incre:1sed BAC at \C-+ must c:1use considerable local 
resuspens10n. Breaking internal waves may be the cause. A recent study 
by Bogucki et al. t l997) documented sediment resuspension by breaking 
internal sol itary waves Juring an upwelling on the California shelf. If sim
ilar processes occur in the Gre:1t Lakes. they could explain the high BAC 
levels observed. Unfortunatel y. our data Jo not allow us to determine 
whether breaking internal waves were present. but it seems dear that up
welling currents by themselves Jo not resuspend bottom material. so our 
third hypothesis is also incorrect. 

Variations of near-bottom BAC at the offshore stations mainly reffect 
changes in the vertical structure of the BNL. bec:1use no evidence of either 
local resuspension or of downslope sediment transport was observed. Ver
tical mixing of the BNL (as described by Hawley and Lesht 1995) is at 
least partly responsible for the changes in BAC observed at M27 and M19. 
No relationship between near-bottom BAC and either current 'direction or 
temperature is readily apparent at either M27 or M 19. but there are distinct 
similarities in both the bottom current velocities and the BAC at the two 
stations. These changes are probabl y not due to a site-specific local re
sponse. but more likely are due to regional changes in the circulation pat
terns. The relatively uniform .:hanges in the BNL with time (as seen in 
Fig. 2) :liso suggests regional rather local processes. On shorter time scales 
intern:li waves are probably also important in changing the structure of the 
BNL. but without additional vertical profiles it is hard to determine their 
effects. 

Our observations. when coupled with those of previous studies tLesht 
and Hawley 1987: Hawley and Lesht 1995: Hawley and Murthy 1995), 
show that resuspension episodes are usually confined to quite shallow water 
(approximately 13 ml Juring the stratifieu period. The combination of a 
strong thermocline. which inhibits the transfer of wind energy to the bot-
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F IG. 5.- Time series data from station M27. Beam attenuation is shown by the black line. temperature by the blue line. and current speed or shear stress by the red line. 

Current speeds are in em s- 1• stress in dynes em-'. temperatures in oc. and BAC in m- 1. The dotted venieal lines separate the upwelling and downwelling events listed 
in Table 3. A) Wind at the weather station at the entrance of Muskegon Harbor. The convention is that wind blows in the di rection of the line. so the wind on ~ 9-30 
September blew from the south to the nonh. B) Beam anenuation. temperature. and current speed measured at 35 mab. C) Beam anenuation. temperature. and current 
speed measured at 17 mab. D) Beam attenuation and temperature measured at 7 mab. current speed measured 0.5 mab. E) Beam anenuation and temperature measured at 
0.9 mab. and bottom shear stress due to current action. 

FIG. 6.- Time series data from station M 19. Beam anenuation is shown by the black line. temperature b) the blue line. and current speed or bonom stress b~ the red 
line. Current speeds are in em s- 1• stress in dynes em-'. temperatures in oc. and BAC in m- '- The doned venical lines separate the upwelling and downwelling e\'ents 
listed in Table 3. A) \\"ind at the weather station at the entrance of Muske~on Harbor. The convention is that wind blows in the direction of the line: so the wind on ~9-
30 September ble\\ from the south to the nonh. B) Beam attenuation. temperature. and current speed measured at 65 mab. C) Beam attenuation. temperature. and current 
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speed measured at 35 mab. D) Beam attenuation. temperature. and current speed measured at 17 mab. E) Beam attenuation and temperature measured at 7 mab. current 
speed measured at 0.5 mab. F) Beam attenuation and temperature measured at 0.9 mab. and bottom shear stress due to current action. 
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FtG. 7.-Wind ohscrvauons and current velocities at :'v119. The current velocities have been rotated ~0° clockwise so that alongshore is up llld down and offshore is tr 
the left. The convention 1s that the wmd l!ld currents go in the direcuon of the line. so the wind on 29-30 September ble" from the south to the north. The dotted verticJ 
lines separate the up"-elling ;md downwelling events listed in Table 3. AI Wind at the weather stauon at the entrance or 'vluskegon Harbor. Bl Current velocity 65 mar 
C) Current velocny ~5 maM. Dl Current ,·elocny 17 mab. El Current velocny 0.5 mab. 
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tom. and the relatively small waves (maximum period is about 6 s) means 
that only very severe storms will produce bottom rcsuspension at depths 
greater than about JO m. During the unstratified period resuspension events 
appear to occur more frequently and at greater depths (Hawley et al. 1996) 
because of higher wind speeds and breakdown of the thermocline. Our 
observations are similar in some ways to those made on the continental 
shelf. where numerous investigations have shown that wave-induced sed
iment resuspension occurs frequently (Churchill et al. 1988: Lyne et al. 
1990; Churchill et al. 1996: Lynch et al. 1997) during the winter, but much 
less frequently during the spring and summer. The correspondence between 
our observations and those made on the continental shelf is not exact, 
however. Churchill et al. ( 1988) also noted the occurrence of high SPM 
episodes at the shelf edge during the offshore movement of thermal fronts. 
The movement of these fronts is analogous in many ways to our down
welling events. but we did not observe any offshore transpon of material 
except in shallow water. However, conditions may be quite different on 
the west side of the lake. where the greatest wave activity is associated 
with downwelling events. 

CONCLL'SIONS 

Our observations suppon none of the three hypotheses stated in the in
troduction. Although wave-induced bottom resuspension occurs fairly fre
quently in shallow (13 ml water. it occurs only rarely Jt the edge of the 
lake shelf {28 m) during the stratified period. and there is no indicJtion of 
current-induced resuspension at the offshore stations. Thus there is no ev
idence that the BNL is maintained by locJl resuspension due to either 
bottom currents or surface waves during the stratified period. Some off. 
shore iranspon of material resuspended in the nemhore area does occur 
during downwelling events. but we did not observe direct transpon of ma
terial across the thermocline into the hypolimnion even during strong 
downwellings. Thus it is unlikely that offshore transpon of material by 
downwelling currents is a direct source of materiJl to the BNL-at least 
at this site. On the western side of the lake. where wave action is likely to 
be more intense during downwellings. offshore transpon of suspended ma
terial may occur. During upwellings suspended materiJl in the BNL is 
transponed onshore into the epilimnion. Although the currents are not 
strong enough to produce loc:~l resuspension. the high levels of BAC as
sociated with the passage of the cold front indicJte that some material in 
addition to that in the offshore BNL is being transponed onshore. Although 
we cannot identify the source of this material from our observations. in
ternal wave action may be important. Changes in the BAC at the offshore 
stations are due mostly to changes in the structure of the BNL on a regional 
scale rather than to local conditions. On shon time scales these changes 
may also be due in large part to the effects of internal waves. 
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